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Crystal Structure of the Borna
Disease Virus Nucleoprotein
the Filoviridae (Ebola and Marburg viruses), Paramyxo-
viridae (Sendai and measles viruses), and Rhabdoviridae
(rabies and vesicular stomatitis viruses). All of these
Markus G. Rudolph,1 Ina Kraus,2
Achim Dickmanns,1 Markus Eickmann,2
Wolfgang Garten,2 and Ralf Ficner1,*
1Department of Molecular Structural Biology viruses encode an ssRNA binding nucleoprotein (NP),
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GZMB transcription and replication.
Among all viruses of the order Mononegavirales, BDVGeorg-August University
37077 Go¨ttingen harbors the smallest genome (8.9 kb), which encodes
the nucleoprotein (N, p40/38), a phosphoprotein (P, p23),Germany
2 Institute for Virology a matrix protein (M), a glycoprotein (GP), an RNA-poly-
merase (L), and a protein of unknown function (X). ThePhilipps-University
35037 Marburg proteins N, P, X, and L associate with the viral RNA to
form a ribonucleoprotein complex (RNP) that is essentialGermany
for transcription and replication (Briese et al., 1994; Cu-
bitt et al., 1994; Schwemmle et al., 1998). In contrast to
all other Mononegavirales, replication and transcriptionSummary
of BDV occur in the nucleus of infected cells, bearing
resemblance to influenza viruses, which are negativeBorna disease virus (BDV) causes an infection of the
ssRNA viruses with a segmented genome. Followingcentral nervous system in a wide range of vertebrates,
BDV infection, the RNP is transported into the nucleus,which can fatally progress to an immune-mediated
and newly assembled RNPs are delivered via the cyto-disease, called Borna disease. BDV is a member of
plasm to the plasma membrane (de la Torre, 2002;the Mononegavirales, which also includes the highly
Schwemmle et al., 1998).infectious measles and Ebola viruses. The viral nucleo-
BDV-infected cells contain two forms of BDV-N (p40proteins are central to transcription, replication, and
and p38), which are generated by alternative translationpackaging of the RNA genome. We present the X-ray
initiation and differ by 13 amino acids at the N terminus,structure of the BDV nucleoprotein determined at
where the nuclear localization sequence (NLS; 4KRR6) is1.76 A˚ resolution. The structure reveals a novel fold,
located (Kobayashi et al., 1998). P40 localizes to theorganized into two distinct domains, and an assembly
nucleus, while p38 accumulates in the cytoplasm. Ininto a planar homotetramer. Surface potential calcula-
addition, BDV-N also harbors a nuclear export signaltions strongly support an RNA binding model with the
(NES), which is a canonical leucine-rich motif (Tomo-RNA wrapping around the outside of the tetramer,
naga et al., 2002). However, no decisive evidence isalthough a positively charged central channel in the
available as to how the presence or absence of the NLS,tetramer could fit single-stranded RNA in an alterna-
and its interplay with the NES, determines the intracellu-tive binding mode. This first structure of an RNA virus
lar distribution of BDV-N. There is also no informationnucleoprotein provides a paradigmatic model for RNA
available as to the abundance of BDV-N and the stoichi-packaging and replication of single-stranded RNA vi-
ometry of the BDV-N/RNA complex inside the virion.ruses.
Finally, it has also been unknown whether BDV-N, similar
to the nucleoproteins of influenza virus (Kingsbury and
Introduction Webster, 1969; Pons et al., 1969), Sin Nombre virus
(Alfadhli et al., 2002), and rotavirus (Jayaram et al., 2002)
Borna disease virus (BDV) occurs worldwide and infects oligomerizes in solution or upon RNP formation. High-
a variety of vertebrate species, mainly horse and sheep, resolution structural information on viral nucleoproteins
but also primates and birds. Although most natural BDV is only available for the dsRNA rotavirus (Jayaram et al.,
infections remain subclinical, severe clinical signs asso- 2002), but not for any ssRNA virus.
ciated with encephalitis are sporadically observed. This The crystal structure of BDV-N was determined to
so-called Borna disease is caused by a virus-specific shed light on the molecular details of the multiple BDV-
CD8 T cell-mediated immune reaction, which requires N functions. It represents the first three-dimensional
CD4 T cells as helpers (Stitz et al., 2002), and leads to structure of a nucleoprotein from an enveloped, nega-
striking behavioral disturbances, such as locomotor and tive-sense ssRNA virus and defines a general model for
sensory dysfunctions, followed by paralysis and death RNA packaging in ssRNA viruses.
(Richt et al., 1990). The role of BDV in human neuropsy-
chiatric disorders, such as schizophrenia and depres-
sion, remains questionable (Billich et al., 2002). Results and Discussion
BDV is a lipid-enveloped single-stranded (ss) RNA virus
of negative polarity classified in the family Bornaviridae Overall Structure
within the order Mononegavirales, which also includes The crystal structure of BDV-N was determined by MAD
and refined to a resolution of 1.76 A˚ (Figure 1). The model
of BDV-N encompasses all residues except residues*Correspondence: rficner@gwdg.de
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Figure 1. Electron Density of the BDV-N
Monomer
The solvent-flattened 2Fo-Fc electron density
map for the -helical region Tyr260-Asp275
was calculated using MAD phases to 2.1 A˚
and is contoured at 1.8 . The final model is
superimposed as a stick representation with
the residues colored according to atom type.
1–27 and 315–322, which showed no interpretable elec- all-helical, with two short  strands (Ser99-Val105 and
Val112-Thr115), and at residue 231, it is clearly dividedtron density, and was refined to a free R value of 18.7%
(Table 1). The fold of the BDV-N monomer is almost into compact N- and C-terminal domains. N- and C-ter-
Table 1. Summary of Crystallographic Data
Data Collection SeMet Native
Wavelength (A˚) 0.8020 0.9793 (f) 0.9787 (f″) 0.8441
(crystal 1) (crystal 2) (crystal 2)
Resolution range 30–2.0 30–2.6 30–2.6 41.7–1.75
(A˚)a (2.03–2.0) (2.69–2.60) (2.69–2.60) (1.81–1.75)
Unique reflections 34,158 (1624) 15,586 (2485) 15,615 (2499) 50,437 (4392)
Completeness (%) 99.1 (93.9) 97.7 (79.5) 97.7 (79.7) 98.6 (86.5)
Rsymb 9.1 (66.2) 6.0 (15.5) 6.0 (16.0) 10.8 (42.6)
Average I/ (I) 16.5 (2.6) 13.3 (4.7) 13.2 (4.6) 28.0 (4.3)
Redundancy 5.4 (4.1) 4.0 (1.8) 4.0 (1.8) 4.8 (3.2)
Mosaicity () 1.30 0.51 0.51 0.34
Overall figure of merit
Before solvent flattening 0.55
After solvent flattening 0.77
Refinement Statistics
Resolution range (A˚)a 29.2–1.76 (1.81–1.76)
Rcryst (%)/Rfree (%)c 16.3 (19.2)/18.7 (25.8)
# Protein atoms/waters 2,610/316
Coordinate error (A˚)d 0.055
Real space CCe 0.91
Rms deviation from ideality
Bonds (A˚)/angles ()/dihedrals () 0.013/1.34/5.43
Ramachandran plotf
Most favored, additional, generous allowed (%) 94.2/4.8/1.0
Average B values (A˚2)
Protein/waters 25.3  10.2/38.7  9.8
a Numbers in parenthesis refer to the highest resolution shell.
b Rsym  100 · 	h	i|Ii(h) 
 I(h)|/	hI(h) where Ii(h) is the ith measurement of the h reflection and I(h) is the average value of the reflection
intensity.
c Rcryst  	||Fo| 
 |Fc||/	|Fo|, where Fo and Fc are the structure factor amplitudes from the data and the model, respectively. Rfree is Rcryst with
5% of test set structure factors.
d Based on maximum likelihood.
e Correlation coefficient (CC) calculated with O using a A-weighted 2Fo-Fc density map.
f Calculated using PROCHECK (Laskowski et al., 1993).
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Figure 2. Overall Structure of the BDV-N
Monomer
(A) The ribbon model of the BDV-N monomer
is rainbow colored from the N to the C termi-
nus, and the domain boundary at residue
Ser231 is indicated by an arrow. The region
Pro315-Ala322, which could not be located
in the electron density maps, is indicated as
a gray dashed loop.
(B) Structure-sequence relationship of BDV-N.
The secondary structure elements ( denotes
a 310 helix) are numbered consecutively, and
 helices and  strands are mapped onto the
structure in (A). Residues that are missing in
the model or whose side chains were mod-
eled as alanines are shown in gray. The puta-
tive p23 binding site in the N-terminal domain
of BDV-N is underlined. Residues interacting
with the preceding and following crystallo-
graphic neighbors to form the tetramer are
marked in blue and red below the sequence.
Note the accumulation of interacting residues
at the N and C termini of BDV-N.
minal extensions of 15 and 24 residues, respectively, stained RNPs on electron micrographs (Mavrakis et al.,
2002). The square planar architecture of the BDV-N tet-provide the molecule with an S-like shape (Figure 2A).
A search in the DALI (Holm and Sander, 1993) database ramer is rather uncommon for homotetrameric proteins,
which often assemble into tetrahedrons, though it iswith both the whole model and the individual N- and
C-terminal domains did not reveal significant homology reminiscent of the planar dsDNA four-way junction bind-
ing RuvA tetramer and octamer (Ariyoshi et al., 2000;to other known protein structures. The structurally clos-
est protein is the substrate binding domain of the E. coli Rafferty et al., 1996; Roe et al., 1998) and of the Flp
recombinase tetramer (Chen et al., 2000).chaperone DnaK with a DALI score of 3.8 (a score of2.5
is structurally dissimilar, while the self-comparison Each BDV-N monomer buries a total of 2680 A˚2, or 14%,
of surface area with each of its two neighboring monomersscore of BDV-N is 45). However, as this homology ex-
tends over only 68 residues in the C-terminal domain of in the tetramer. Both polar and hydrophobic interactions
BDV-N and the DALI score is relatively low, we conclude are present within this extensive buried surface; there
that the BDV-N monomer represents a novel fold. are 24 hydrogen bonds, eleven salt links, and 306 van
der Waals contacts, amounting to a total of 341 contacts
per monomer. The buried surface is divided in two partsTetrameric Nucleoprotein
of roughly equal size, which involve the N-terminal andAnalysis of crystal packing interactions revealed the
C-terminal regions of BDV-N (Figure 2B). The overallpresence of tightly assembled homotetramers, centered
surface complementarity coefficient (Lawrence and Col-at the 4-fold crystallographic axis of the BDV-N crystals
man, 1993) of Sc  0.78 is large and remains very similar(Figure 3). The BDV-N tetramer exhibits a cuboid-shaped
when calculated for the N- and C-terminal areas individ-structure of approximate dimensions 59  59  87 A˚,
ually, indicating a highly complementary surface be-and encloses a central channel of a varying diameter
tween the monomers in the crystallographic tetramer.between 10 and 22 A˚ (Figure 4D). Similar dimensions of
Marburg virus NP have been calculated from negatively By contrast, the individual tetramers in the crystal do
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Figure 3. The Crystallographic Tetramer
(A) Stereo drawing of a ribbon plot of the tet-
ramer with the individual monomers colored
differently. The view is onto the N-terminal
domains.
(B) View rotated by 90 about the horizontal
axis. Each monomer contacts the previous and
subsequent monomer via its N- and C terminus,
respectively. Residues Lys51-Tyr100, which
may form the putative p23 binding site are
marked in cyan and red (when solvent ex-
posed) in the monomer that is otherwise col-
ored in gray.
not extensively interact with each other. Only 178 A˚2, or RNA binding specificity, the mode of interaction be-
tween RNA and NP appears to be quite dissimilar among0.1%, of surface area with a total of 53 contacts per
monomer is buried between individual tetramers. In ad- different RNA viruses. Whereas Bunyamwera virus NP
renders RNA RNase resistant (Osborne and Elliott,dition, preliminary electron microscopy, dynamic light
scattering, and cross-linking results are consistent with 2000), influenza virus NP does not. Chemical modifica-
tion experiments suggest that influenza virus NP andBDV-N-forming tetramers (data not shown), while gel
filtration experiments also support the presence of mo- vesicular stomatitis virus NP bind to the phosphate
backbone, potentially leaving the Watson-Crick posi-nomers in dilute solution. The functionality of the tetra-
mer is also strongly supported by analogy to other viral tions of the bases solvent exposed (Baudin et al., 1994)
and, thus, accessible for RNase hydrolysis. However,nucleoproteins, such as influenza virus, Sin Nombre vi-
rus, and rotavirus, which have been shown to assemble surface localization of nucleic acids is not a sufficient
prerequisite for high RNase susceptibility, as exempli-into multimers in their biologically active form (Alfadhli et
al., 2002; Jayaram et al., 2002; Kingsbury and Webster, fied by the efficient protection of tRNAs by some
aminoacyl-tRNA synthetases (Horz et al., 1975).1969; Pons et al., 1969; Portela and Digard, 2002). In
addition, the crystal packing does not offer any other No specific or unspecific RNA binding sites have hith-
erto been determined for BDV-N. Calculation of the sur-possibilities for oligomerization than the tetramer. Taken
together, these data strongly suggest that the tetramer face potential of the tetramer reveals two possibilities
for RNA binding to BDV-N, the central channel and ais the biologically active entity of BDV-N.
groove running diagonally across the tetramer surface.
From geometric considerations, the central channel inMode and Specificity of RNA Binding
and Packaging the BDV-N tetramer is a possible candidate since it is
sufficiently large to host a single strand of RNA, in accordWhile the influenza virus NP has been shown to bind
ssRNA with high affinity, but little sequence specificity with the BDV genome being single stranded. The surface
potential is predominantly positive inside this channel,(Baudin et al., 1994; Kingsbury et al., 1987; Yamanaka
et al., 1990), the hantavirus NP specifically interacts with which would electrostatically complement the nega-
tively charged sugar-phosphate backbone of the viralboth viral genomic RNA (vRNA) and the anti-genomic
RNA (cRNA), but not the viral mRNA (Severson et al., RNA (Figures 4A and 4D). A large cavity is present at
the center of the tetramer with channels perpendicular1999; Xu et al., 2002). Similar to the virus-dependent
Structure of BDV Nucleoprotein
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Figure 4. Surface Potential Representation
of the BDV-N Tetramer
(A) The view is along the 4-fold axis in the
same orientation as in Figure 3A, showing the
entrance to the positively charged channel.
Areas colored in white, red, and blue denote
neutral, negative, and positive potential, re-
spectively.
(B) Electrostatic potential distribution of the
bottom end of the tetramer. The channel is
negatively charged at this end.
(C) Side-view of (A) rotated by 90 around the
horizontal axis (same orientation as in Figure
3B). A deep groove of positive surface poten-
tial runs diagonally across the side of the tet-
ramer and marks a possible RNA binding site.
(D) Slab through the central channel showing
the large cavity and the positively charged
side channels normal to the central channel
that lead to the surface of the tetramer. The
backbone trace of the BDV-N is shown as a
cyan ribbon.
to the 4-fold axis that connect the central channel to the threading model should lead to more linear RNPs.
However, as the stoichiometry of N and nucleic acid isthe protein surface (Figure 4D). A disordered loop region
(residues Pro315-Ala322, Figure 2A), which contains an not known for BDV, it is impossible to distinguish be-
tween the two avenues of ssRNA packaging at thisadditional arginine residue (Arg321) but no acidic resi-
dues, is located in the channel and contributes an addi- stage, and further structural characterization of the RNP
is needed to answer this question.tional positive charge. This loop could adopt a defined
structure upon RNA binding.
However, a major drawback of a nucleoprotein com- Nucleocytoplasmic Trafficking and p23
Binding Siteplex with the RNA threaded through the channel of BDV-
N is the need for disassembly of N to access the genetic As RNA replication and packaging in BDV-infected cells
occurs in the nucleus (de la Torre, 2002), the BDV-N hasinformation. Indeed, the crystal structure offers an alter-
native, maybe more appropriate model for RNA binding to traverse the nuclear envelope to fulfill its function. In
the present crystal structure, the N-terminally locatedto BDV-N. A large positively charged cleft runs diago-
nally along the BDV-N tetramer (Figure 4C), suggesting nuclear localization sequence (NLS) is not visible in the
electron density, suggesting a high degree of flexibility.that RNA can wind around individual BDV-N tetramers,
similar to the tetrameric E. coli single strand binding The solvent-exposed NLS is accessible to import factors
such as importin-, and indicates that a whole tetramerprotein SSB (Raghunathan et al., 2000). Furthermore,
this is reminscent of the proposed RNA binding site may get transported into the nucleus without need for
prior disassembly. Nucleocytoplasmic shuttling is addi-formed by a deep and positively charged groove on
the octameric rotavirus nucleoprotein NSP2, a dsRNA- tionally regulated by an NES, which is also part of the
binding site of the p23 phosphoprotein (see below). Incontaining virus entirely unrelated to BDV (Jayaram et
al., 2002). Importantly, in the influenza virus, one NP fact, binding of p23 has been shown to inhibit nuclear
export of BDV-N (Kobayashi et al., 2001; Schwemmlemolecule binds to 24 nucleotides of RNA, which is con-
sistent with the RNA packed around the NP molecule et al., 1998), which suggests that BDV-N export is regu-
lated by masking and demasking of the p23 binding site.(Portela and Digard, 2002). Similar to the coiled and ring-
like structures of the RNPs of other Mononegavirales, The BDV-N/p23 complex formation is probably essen-
tial for replication of the RNA genome by the viral RNAhelical structures are apparent from negatively stained
electron micrographs of BDV-RNP purified from cell cul- polymerase L. Interaction of the N-terminal domain of
BDV-N and p23 was demonstrated between recombi-ture (data not shown). This observation suggests the
RNA to be wrapped around multimers of BDV-N since nant proteins that were produced in E. coli (Berg et
Structure
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coli BL21(DE3). Cells were lysed by sonification in 20 mM Tris-HClal., 1998). ELISA studies using BDV-N-derived peptides
pH 7.4, 200 mM NaCl, 1 mM EDTA supplemented with protease-concluded that BDV-N residues Lys51-Tyr100 and
inhibitors (Complete), and MBP-BDV-N was affinity-purified on amy-Leu131-Ile155 are responsible for p23 binding (Figure
lose resin. After cleavage of the fusion protein, BDV-N was purified
2B), and only a slight difference in binding was apparent by cation exchange chromatography and by gel filtration in 20 mM
for the two BDV-N variants (Berg et al., 1998). In the HEPES/NaOH, pH 7.6, 50 mM NaCl, 2 mM DTT. Selenomethionine-
containing BDV-N was produced in the methionine-auxotrophicBDV-N structure, the second region (Leu131-Ile155) is
strain E. coli B834(DE3) that was grown in minimal medium supple-entirely inaccessible to solvent and deeply buried within
mented with 0.4% glucose, 100 mg/l ampicillin, 2 mg/l biotin, 2 mg/lthe hydrophobic core of the N-terminal domain, ruling
thiamine, and 50 mg/l L-methionine. At an OD600 of 0.8, methionineout any possible involvement in p23 binding. The first
was depleted and 50 mg/l L-selenomethionine (Se-Met) was added.
region (Lys51-Tyr100) exposes Gly85-Gly94 (helix 4; After additional 30 min incubation, Se-Met BDV-N production was
Figure 2A) to the solvent at the side of the tetramer. This induced with 1 mM IPTG for 4 hr. Purification of Se-Met BDV-N was
essentially identical to that of the native protein.region is part of the putative RNA binding site in the
wrap-around model, pointing to competitive binding of
Crystallization and Data Collectionp23 and RNA to BDV-N at this site. However, as the
Crystals were grown at 20C using the sitting drop vapor diffusionproposed RNA binding surface is extensive, structural
method by mixing equal volumes of BDV-N (14 mg/ml native and 8plasticity of the RNA may still allow formation of a tri-
mg/ml Se-Met derivative) with reservoir solution (20% PEG 550
meric or even more elaborate RNP complex. MME, 0.1 M NaCl, 2 mM DTT, 0.1 M bicine, pH 9.0, and 15% PEG 550
The short  helix Gln63-Asp67 is solvent exposed at MME, 0.1 M NaCl, 2-5 mM DTT, 0.1 M bicine, pH 9.0, respectively). A
three wavelength MAD data set was collected to a maximum resolu-the inside of the upper rim of the central channel (Figure
tion of 1.9 A˚ on two flash-cooled Se-Met BDV-N crystals (20% glyc-3) and would not interfere with RNA binding at the outer
erol, 20% PEG 1550) at the EMBL beamlines X13 (remote) and X31surface of BDV-N. Direct involvement of this short 
(peak and inflection) at the Deutsche Elektronen Synchrotron (DESY,helix in p23 binding would either require disassembly
Germany). Native data to 1.75 A˚ resolution were collected on a
of the tetramer or large conformational changes at the single, flash-cooled crystal (mother liquor containing 20% glycerol
upper end of the tetramer. The latter possibility is attrac- and 25% PEG 1550 instead of PEG 550 MME) at EMBL beamline
BW7B. Data reduction was performed with the HKL suite (Otwinow-tive since the crystal structure of the Sendai virus phos-
ski and Minor, 1997) (Table 1). The crystals belong to space groupphoprotein oligomerization domain revealed a tetramer
I4 (unit cell dimensions a  100.0 A˚ and c  103.2 A˚). The Matthews(Tarbouriech et al., 2000). If BDV p23 also forms a tetra-
coefficient (Vm 3.3 A˚3/Da) suggested one molecule in the asymmet-mer, the BDV-N/p23 complex could be assembled while
ric unit with a solvent content of 63%. Some crystals showed signs
obeying the 4-fold symmetry of its components. Al- of hemihedral twinning, presumably due to the fact that a 180
though the Sendai virus and BDV phosphoproteins lack rotation of the tetramer about the a axis would not significantly
disturb the crystal lattice, leading to pseudo-422 symmetry. Forsignificant sequence homology, their structures may be
structure determination and refinement, only untwinned crystalssimilar based on the presence of coiled-coil regions in
were used. X-ray data statistics are summarized in Table 1.Sendai virus phosphoprotein. In addition, the observa-
tion of 2.3-fold higher B values of the protruding loop
Structure Determination and RefinementThr103-Val112 ( strands in Figures 2A and bulges at
A partial substructure (10 out of 12 Se sites) was determined with
the top of Figure 4C) on the upper rim of the central SOLVE (Terwilliger and Berendzen, 1996) using data to a maximum
channel in BDV-N suggests possible structural plasticity resolution of 2.1 A˚. The initial phases from SOLVE were improved
of this region upon p23 binding. This loop is close to by density modification using RESOLVE (Terwilliger, 2000), which
resulted in overall figure of merits (FOM) of 0.55 and 0.77, respec-the sequence Gln63-Asp67 in the proposed p23 binding
tively (Figure 1). A partial model (247 out of 375 residues) was auto-region Lys51-Tyr100.
matically built in RESOLVE and, after phase extension to 1.76 A˚,
completed by manual fitting into A-weighted 2Fo-Fc and Fo-Fc differ-Conclusions ence electron density maps (Read, 1986) using the programs Xtal-
Now that the basic framework of an ssRNA virus nucleo- view (McRee, 1993) and O (Jones et al., 1991). The model was refined
protein has been established, we are poised to probe with REFMAC5 (Winn et al., 2001) using standard parameters. A
random set of 5% of reflections was excluded from refinement tothe structure of the entire BDV RNP, in particular with
monitor Rfree (Bru¨nger, 1992). Water molecules were assigned auto-respect to the role of BDV-N in the context of the large
matically for 3 peaks in Fo-Fc difference maps by cycling theRNA polymerase. Crystal structures of BDV-N with trun-
REFMAC5 refinement with ARP/wARP (Lamzin and Wilson, 1993),cated viral RNA or oligoribonucleotides, p23, protein X,
and retained if they obeyed hydrogen bonding criteria according to
and/or the polymerase L (or fragments thereof) are in HBPLUS (McDonald and Thornton, 1994) and returned 1 2Fo-Fc
progress and should expedite this important goal. In density after refinement. The final model consists of residues 28–314
addition, the interaction of the RNP and the viral enve- and 323–370. No electron density was visible for the N-terminal 27
residues and residues 315–322, which were therefore not includedlope is suggested to be mediated by the matrix protein,
in the model. Residues Arg107, Glu109, Arg297, and Glu352 werewhich is currently being addressed by the structure de-
modeled as alanines due to lack of side-chain density. Alternatetermination of BDV-M (Kraus et al., 2002). Such struc-
side-chain conformations were modeled for serine residues 41, 205,
tural insights should aid in the design of inhibitory pep- 209, 217, and 358, Asn174, Asp214, Glu243, Ile292, and Lys362. The
tides and peptidomimetics to develop therapeutic refinement statistics are summarized in Table 1. Surface comple-
agents against a great number of viral diseases of impor- mentarity coefficients and solvent accessible surface areas were
calculated with SC (CCP4, 1994) using a 1.7 A˚ radius probe. Possibletance to human and animal health.
hydrogen bonds, salt bridges, and van der Waals contacts were
detected with HBPLUS and CONTACSYM (Sheriff et al., 1987) usingExperimental Procedures
default parameters. Surface potentials were calculated with InsightII
(Biosym Technologies, San Diego, CA). Structure figures were cre-Protein Expression and Purification
ated with Bobscript (Esnouf, 1997) and rendered with Raster3DThe BDV-N gene was cloned into pMAL-c2g to produce a Genenase
I-cleavable MBP fusion. Recombinant protein was produced in E. (Merritt and Murphy, 1994).
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